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The vaccine safety surveillance system effectively detected a very rare adverse event, narcolepsy, in
subjects receiving AS03-adjuvanted A(H1N1) pandemic vaccine made using the European inactivation/
puriﬁcation protocol. The reports of increased cases of narcolepsy in non-vaccinated subjects infected
with wild A(H1N1) pandemic inﬂuenza virus suggest a role for the viral antigen(s) in disease develop-
ment. However, additional investigations are needed to better understand what factor(s) in wild inﬂu-
enza infection trigger(s) narcolepsy in susceptible hosts. An estimated 31 million doses of European
AS03-adjuvanted A(H1N1) pandemic vaccine were used in more than 47 countries. The Canadian AS03-
adjuvanted A(H1N1) pandemic vaccine was used with high coverage in Canada where an estimated 12
million doses were administered. As no similar narcolepsy association has been reported to date with the
AS03-adjuvanted A(H1N1) pandemic vaccine made using the Canadian inactivation/puriﬁcation protocol,
this suggests that the AS03 adjuvant alone may not be responsible for the narcolepsy association. To date,
no narcolepsy association has been reported with the MF59-adjuvanted A(H1N1) pandemic vaccine.
This review article provides a brief background on narcolepsy, outlines the different types of vaccine
preparations including the ones for inﬂuenza, reviews the accumulated evidence for the safety of ad-
juvants, and explores the association between autoimmune diseases and natural infections. It concludes
by assimilating the historical observations and recent clinical studies to formulate a feasible hypothesis
on why vaccine-associated narcolepsy may not be solely linked to the AS03 adjuvant but more likely be
linked to how the speciﬁc inﬂuenza antigen component of the European AS03-adjuvanted pandemic
vaccine was prepared. Careful and long-term epidemiological studies of subjects who developed nar-
colepsy in association with AS03-adjuvanted A(H1N1) pandemic vaccine prepared with the European
inactivation/puriﬁcation protocol are needed.
 2014 The Authors. Published by Elsevier Ltd.Open access under CC BY-NC-ND license. 1. Introduction
With the declaration of a global A(H1N1) inﬂuenza pandemic in
June 2009, mass vaccination campaigns using newly developed
monovalent A(H1N1) pandemic vaccines were initiated in aBY-NC-ND license (http://
S. Ahmed), pschur@partners.
Donald), steinman@stanford.
Ltd. Open access under CC BY-NC-NDnumber of countries using a range of vaccines developed with
different technologies [1]. In Europe, of the eight A(H1N1)
pandemic vaccines licensed during the 2009 pandemic, three were
authorized through the central procedure in the European Union
(EU) under the European Medicines Agency (EMA) and the Euro-
pean Commission and included one adjuvanted with AS03, one
adjuvanted with MF59, and one without adjuvant [1]. In the
United States, the Food and Drug Administration (FDA) authorized
four non-adjuvanted and one live, attenuated vaccine [2]. In Can-
ada, Health Canada authorized one AS03-adjuvanted A(H1N1)
pandemic vaccine [3] and one non-adjuvanted A(H1N1) pandemic license. 
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options offered and the ﬁnal recommended target groups varied in
different EU countries, in the United States, and in Canada with
most following the recommendations of the World Health Orga-
nization. In the European Union and European Economic Area
countries, more than 30.5 million doses of the AS03-adjuvanted
A(H1N1) pandemic vaccine, more than 6.5 million doses of the
MF59-adjuvanted A(H1N1) pandemic vaccine, and more than
560,000 doses of nonadjuvanted A(H1N1) pandemic vaccine were
sold and distributed [5]. Almost one year after their authorization,
an increase in narcolepsy cases was associated with the European
AS03-adjuvanted A(H1N1) pandemic vaccine raising major public
concerns about the safety of adjuvanted vaccines.
Despite diligence in safety monitoring prior to authorization,
the introduction of any new health intervention such as a drug, a
vaccine, or a medical device cannot exclude the risk for a rare
adverse event linked to the chemical/biological/mechanical com-
ponents of the product, to genetic susceptibilities in certain sub-
jects, or to environmental triggers. With very rare adverse events
(deﬁned as one in 10,000 vaccinations [1]), a signal may be
detectable only after the product, a vaccine for example, is intro-
duced into larger populations than those tested in pre-licensure
trials. A major challenge with rare events is the determination of
whether they are due to the product (e.g., vaccine) or just a coin-
cidental occurrence in that population [6]. To help address this, the
European Centre of Disease Prevention and Control (ECDC) funded
in 2008 a network of researchers called the Vaccine Adverse Event
Surveillance and Communication (VAESCO) consortium to establish
a European vaccine safety datalink in which rare adverse events
could be aggregated to better investigate related safety concerns [7]
similar to a model established across several US states [8]. VAESCO
was to be used to develop age- and sex-speciﬁc background inci-
dence data on rare and more common conditions in larger Euro-
pean populations which were anticipated to be of value in the
setting of mass vaccination campaigns such as the inﬂuenza
A(H1N1) pandemic virus in 2009 [9].
Narcolepsy associated with European AS03-adjuvanted
A(H1N1) pandemic vaccine was a very rare event. This article
provides a brief background on narcolepsy, outlines the different
types of vaccine preparations including the ones for inﬂuenza, re-
views the accumulated evidence for the safety of adjuvants, and
explores the association between autoimmune diseases and natural
infections. It concludes with a hypothesis on why vaccine-
associated narcolepsy may not be solely linked to the AS03Table 1
List of adjuvanted and non-adjuvanted 2009 A(H1N1) inactivated monovalent
vaccines and live, attenuated vaccine approved by European Medicine Agency, Food
and Drug Administration, and Health Canada.
Regulatory agency Adjuvant Product name (or manufacturer
if no product name)
European Medicines
Agency [1]
AS03a Pandemrix (GlaxoSmithKline
Biologicals s.a.)
e Celvapan (Baxter AG)
MF59b Focetria (Novartis Vaccines and
Diagnostics S.r.l.)
Food and Drug
Administration [2]
e CSL Limited
e ID Biomedical Corporation of Quebec
e Novartis Vaccines and Diagnostics
Limited
e Sanoﬁ Pasteur, Inc.
e Medimmune LLCc
Health Canada [3,4] AS03a Arepanrix (GlaxoSmithKline Inc)
e GlaxoSmithKline Inc
a AS03 ¼ 11.86 mg DL a-tocopherol, 10.69 mg squalene, 4.86 mg polysorbate 80.
b MF59 ¼ 1.175 mg sorbitan trioleate, 9.75 mg squalene, 1.175 mg polysorbate
80.
c Live, attenuated A(H1N1) 2009 pandemic vaccine.adjuvant but more likely be linked to how the speciﬁc inﬂuenza
antigen component of the European AS03-adjuvanted A(H1N1)
pandemic vaccine was prepared.
2. Vaccine-associated narcolepsy: the challenge
2.1. Time-course
For the A(H1N1) pandemic, the sequence and timing of events
(Fig. 1) illustrate the challenges facing health agencies in a
pandemic: 1) Initially, there was the identiﬁcation of a new circu-
lating A(H1N1) inﬂuenza virus (April 15, 2009). Following identi-
ﬁcation, the potential threat was escalated to the level of a global
pandemic due to its rapid and widespread transmission (June 11,
2009). 2) Vaccinemanufacturers responded to the urgent need for a
public vaccine by working with health agencies globally to identify,
isolate, and mass-produce millions of A(H1N1) pandemic vaccine
doses within a narrow window of time (April 24, 2009eNovember
29, 2009). The challenge of protecting large populations during a
pandemic underlie the reasons adjuvants were utilized to boost
vaccine efﬁcacy and vaccine supply through dose-sparing. 3)
Almost a year after the authorization of the pandemic vaccines in
Europe (September 2009), an increase in cases of narcolepsy was
detected with the European AS03-adjuvanted A(H1N1) pandemic
vaccine (August 18, 2010).
2.2. Epidemiology of narcolepsy with European AS03-adjuvanted
A(H1N1) pandemic vaccine
The ﬁrst suggestion of an association of narcolepsy with an
A(H1N1) pandemic vaccine was a case series released by the
Swedish Medical Agency reporting six adolescents (age 12e16
years) who developed narcolepsy following immunization with
European AS03-adjuvanted A(H1N1) pandemic vaccine [10].
Subsequently, Finland’s National Institute of Health and Welfare
detected an increased incidence of narcolepsy in children and
adolescents four to 19 years of age [11,12] associated with the useFig. 1. Sequence of events during 2009 A(H1N1) pandemic. For the A(H1N1)
pandemic, the sequence and timing of events illustrate the challenges facing health
agencies in a pandemic, the reasons adjuvants were utilized, and when a very rare
adverse event was detected.
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The incidence of narcolepsy was 9.0 in the vaccinated as
compared to 0.7/100,000 person years in unvaccinated in-
dividuals, the rate ratio was therefore 12.7, with an onset
approximately two months after vaccination [11]. Subsequently,
France, Ireland, Norway, and Sweden reported similar increases
in narcolepsy following the use of the European AS03-adjuvanted
A(H1N1) pandemic vaccine with VAESCO conﬁrming the initial
data from Finland and Sweden [13]. A similar report emerged
from the UK [14], and detailed follow-up studies in Sweden
[15,16] have further strengthened the initial association. Table 2
summarizes the key narcolepsy associations in various coun-
tries with the European AS03-adjuvanted A(H1N1) pandemic
vaccine, and more detailed surveillance information may be
found in a recent publication [17]. In addition to increased nar-
colepsy risk following vaccination in children and adolescents,
Finnish analyses of hospital and primary care data have demon-
strated a three to ﬁve-fold increased risk also in people aged 20
to 64 who received the European AS03-adjuvanted A(H1N1)
pandemic vaccine [18,19]. Of the 30 million doses of the European
AS03-adjuvanted A(H1N1) vaccine that were administered across
Europe, more than 800 were associated with narcolepsy devel-
opment [18]. The vaccine-attributable risk estimates from the
United Kingdom and Finnish studies range roughly between one
in 16,000 doses to one in 50,000 doses [14].
2.3. Implications and questions related to vaccines
The subsequent media attention has raised public awareness of
primary narcolepsy and stimulated new directions in research into
the pathological mechanisms of this complex neurologic sleep dis-
order [20] that annually affects 0.03e0.1% of the general population
[21]. One of the mechanisms postulated in primary narcolepsy is
dysregulation of the immune system and pathological autoimmunity
[22]. Since vaccine adjuvants are known to stimulate the immune
system and are key components in enhancing the response to
vaccination, could the adjuvant in the European AS03-adjuvanted
A(H1N1) pandemic vaccine have contributed to the narcolepsy-like
adverse events or was there another more probable mechanism?
3. Primary narcolepsy: understanding its pathophysiology
and triggers
3.1. Historical summary of various factors considered “associated”
with narcolepsy
Narcolepsy is a chronic disorder presenting with excessive day-
time sleepiness and often cataplexy, a transient loss of muscle toneTable 2
Summary of the narcolepsy associations with European AS03-adjuvanted A(H1N1) pand
Reporting country Report date Type of study Age groups
Sweden [109] June 2011 Case inventory study 19 years
Finland [11] March 2012 Retrospective cohort 4e19 years
Ireland [110] April 2012 Retrospective population-
based cohort
5e19 years
England [14] February 2013 Self-controlled cases series 4e18 years
Norway [111] June 2013 Registry-based 4e19 years
France [112] August 2013 Case-control Children (<18 yea
Adults (18 years)
a The general incidence of narcolepsy is 0.74e1.37 per 100,000 person years [17] but
b RR ¼ relative risk, CI ¼ conﬁdence interval, OR ¼ odds ratio.triggered by strong emotional stimuli. The ﬁrst description of
narcolepsy-cataplexywas in1877byWestphalwhoassociated itwith
repressed sexual identity and excessive sexual activity as the index
casewas an arrested rapist experiencing pathological sleepiness [23].
In 1888, Legrand noted (Fig. 2) the following association: “Encephalic
congestion resulting from cardiac deﬁciency, gastric troubles or hepatic
derangements, and such diseases as gout, diabetes, and rheumatism, are
some of its [narcolepsy’s] associations” [24]. Over 112 years transpired
between Legrand’s speculated associations with narcolepsy and the
scientiﬁc/medical observations [23] that culminated in Mignot’s dis-
covery in2000 that the protein hypocretinwasdeﬁcient due to loss of
hypothalamic cells in patients with narcolepsy [21,25].
3.2. Epidemiology
Narcolepsy-cataplexy is estimated to have a prevalence of 25e
50 per 100,000 people and an incidence of 0.74 per 100,000
person-years [26]. The prevalence of narcolepsy without cataplexy
has been estimated to be 20 to 34 per 100,000 people [27,28].
Observations from the United States, Canada, and Europe suggest
that half of adult narcolepsy patients reported onset prior to 15
years of age [29]. A report from China demonstrated that 70% of
narcolepsy patients had disease onset before age tenwhile 15% had
onset before six years of age [29]. The delay between onset and
diagnosis can be greater than ten years [30] but is reduced to only a
few years when disease onset occurs in childhood [31]. The pop-
ulation prevalence in China is 0.034% which is similar to the re-
ported prevalence rates in North America and Europe [29]. A
retrospective study of narcolepsy in subjects (86% children) diag-
nosed at one hospital in Beijing, China, demonstrated a three-fold
increase in narcolepsy diagnoses in 2010 following the A(H1N1)
inﬂuenza outbreak in 2009. The time to narcolepsy onset following
inﬂuenza infection was six months [32]. One would anticipate that
if the A(H1N1) pandemic inﬂuenza infection (the major circulating
strain in 2009) was a trigger for narcolepsy in China, there should
be a reduction of cases in the following years due to viral strain
replacement. Indeed, a follow-up report on new Chinese narco-
lepsy cases in 2011 and 2012 demonstrated a return to the prior
rates reported before the pandemic [33]. Yearly narcolepsy case
counts assessed from 2004 to 2010 in China demonstrated a trend
which paralleled circulating inﬂuenza infection [32], an environ-
mental risk factor signiﬁcantly associated with narcolepsy devel-
opment in a caseecontrol study reported in 2007 [34].
3.3. Is narcolepsy an autoimmune disease?
Hypocretin producing cells in the hypothalamus are lost in pa-
tients with narcolepsy, but it is not clear what triggers the cell loss,emic vaccine.
Associationsa Study period
Incidence of 4.2 cases per 100,000
(RRb ¼ 6.6, 95% CIb ¼ 3.1e14.5)
October 2009 to December 2010
Incidence of 9.0 cases per 100,000
(95% CIb 6.1e30.8)
January 2009 to December 2010
Incidence of 5.8 cases per 100,000
(95% CIb ¼ 3.5e9.0)
April 2009 to December 2010
Incidence of 9.9 cases per 100,000
(95% CIb ¼ 2.1e47.9)
October 2008 to December 2010
Incidence of 10 cases per 100,000
individuals (P < 0.0001, c-square)
November 2009 to January 2010
rs) Children ORb ¼ 6.5 (95% CIb ¼ 2.1e19.9)
Adult ORb ¼ 4.7 (95% CIb ¼ 1.6e13.9)
October 2009 to April 2011
3.84 per 100,000 person years for ages 10e19 [27].
Fig. 2. The original 1888 Lancet commentary related to narcolepsy: echoes from the
past. The association of narcolepsy with the European AS03-adjuvanted A(H1N1)
pandemic vaccine is currently creating public speculation about vaccine risk-beneﬁt. It
is ironic and noteworthy that a commentary on Legrand’s description of this disease in
1888 has immediately preceding it, on the same page, another commentary empha-
sizing the beneﬁt of vaccination and epidemiological studies for halting the smallpox
epidemic in Shefﬁeld, Britain, that infected 6000 people and resulted in 600 deaths.
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susceptible? Singh et al. [22] in 2013 summarized the information
to date regarding potential triggers and pathophysiology of nar-
colepsy and the possible role for autoimmunity despite the absence
of identiﬁed pathogenic autoantibodies. This lack of autoantibodies
contrasts with other autoimmune diseases affecting central ner-
vous system neurons [35]. While antibodies are one of the criteria
inWitebsky’s deﬁnition of autoimmune disease [36], this deﬁnition
does not exclude the role that cross-reactive T-cells might play in
deﬁning an autoimmune process. Such could be the case in nar-
colepsy. In a recent publication, CD4þ T-cell autoimmunity to
hypocretin and cross-reactivity to a hemagglutinin epitope in 2009
H1N1 inﬂuenza has been demonstrated with T-cells obtained from
individuals with narcolepsy and only disease-affected siblings from
identical twins discordant for narcolepsy [37]. Furthermore,carefully conducted genome wide association studies have impli-
cated alleles associated with T-cell receptor Va genes [38] and HLA
DQB1*06:02 in more than 85% of patients diagnosed with narco-
lepsy and cataplexy [22]. However, the presence of this HLA sub-
type in 12e38% of the general population not affected by
narcolepsy-cataplexy suggests the involvement of environmental
triggers or other genetic factors (both HLA and non-HLA) in nar-
colepsy development [39,40]. For example, individuals who
develop narcolepsy may have an overactive immune system that is
under the threshold for developing narcolepsy, but with adminis-
tration of the European AS03-adjuvanted A(H1N1) pandemic vac-
cine may have tipped towards the development of narcolepsy.
While autoimmunity may be a contributing factor in primary nar-
colepsy development, the trigger for this complex, multifactorial
disease is still unknown. The absence of this information limits an
evidence-based approach to the assessment of the role of the Eu-
ropean AS03-adjuvanted A(H1N1) pandemic vaccine in narcolepsy
development e leading to public speculation about the safety of
adjuvanted vaccines [41] since adjuvants enhance the response to
immunization by stimulating the immune system. Therefore, the
following sections will review the safety perspectives associated
with vaccines with and without adjuvants.
4. Vaccines: our evolving understanding of the immune
system
4.1. Vaccines and immune-mediated diseases
Three older-generation vaccines were associated with immune-
mediated diseases: 1) In the 1920s, rabies vaccine made from
phenolized sheep brain was associated with acute disseminated
encephalomyelitis in 0.1% of vaccine recipients [42]; 2) In the 1970s,
unadjuvanted “swine-ﬂu” vaccine had an estimable attributable
risk for Guillain-Barré neuritis of approximately one case per
100,000 vaccinations over a twelve-week interval following
vaccination [43]; and 3) in the 1990s, live, attenuated measles
vaccine (and measlesemumpserubella vaccine) were found to
have an associated risk of autoimmune thrombocytopenia of one
case in 30,000 vaccinations [44]. However, each of these associa-
tions must be considered within the context of risk from admin-
istering the vaccine versus risk related to acquiring the natural
infection. For example, the risk of autoimmune thrombocytopenia
with wild measles infection is ﬁve to ten-fold higher than that seen
with live, attenuated vaccine [44]. More recent studies with inﬂu-
enza vaccines have found a substantially lower risk of Guillain-
Barré Syndrome with only one to two cases per million doses [45]
while an increased risk has been seen following inﬂuenza-like ill-
nesses and other infections including Campylobacter jejuenei and/or
cytomegalovirus infections [46].
4.2. Vaccine types and related immune responses
Different vaccine types generate an immune response in
different ways including the following categories [47]: 1) vaccines
containing replicating virus/microbes that are modiﬁed to function
as an immunogen without causing disease in immune-competent
recipients (e.g., live attenuated vaccines); 2) vaccines containing
inactivated organisms that cannot replicate (e.g., split virion, sub-
unit, capsular polysaccharide, or conjugate vaccines); 3) vaccines
employing vectors (e.g., recombinant live-attenuated or
replication-deﬁcient viruses) that are nonpathogenic vehicles into
which genes from pathogens are inserted and from which those
genes are expressed [48]; and 4) vaccines composed of nucleic
acids (e.g., DNA [49] or RNA [49,50]) that are taken up by the vac-
cine recipient’s cells for synthesis of vaccine antigen that results in
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DNA [51,52], RNA [50], or vectored vaccines [53] to date, the
following section focuses on the former types.
Live vaccines, in general, consist of weakened replicating viruses
or bacteria that are able to elicit lifelong protectionwith one to two
doses (provided that the natural infection they are mimicking also
confers lifelong protection) and have minimal reactogenicity. Along
with these economical and logistical beneﬁts associated with
administering these vaccines (e.g., potentially relevant for countries
with limited ﬁnancial resources or limited access to subjects for
yearly vaccination), these vaccines elicit humoral immunity (anti-
bodies) and cellular immunity (T-cell mediated cytotoxicity). Ad-
juvants are not required. However, because of the delicate balance
between under and over-attenuation, live-vaccines are not tech-
nically feasible for many organisms and costs for developing new
ones are not practical given the existence of effective inactivated
vaccines. While it may be possible for the live vaccine virus or
bacteria to rarely revert to its disease-causing form and thus be
transmitted to other non-immune subjects [47], most live vaccines
do not. Due to their similarity in structure with the natural virus or
bacteria, live vaccines could induce molecular mimicry similar to
that associated with the natural infection [54,55]. However, during
development of a live vaccine, this concern of molecular mimicry is
carefully considered and vaccine candidates demonstrating these
attributes are screened for and excluded. Table 1 includes an
example of a live, attenuated vaccine for A(H1N1) pandemic
inﬂuenza.
In contrast to live vaccines, inactivated split-virion and subunit
vaccines do not carry replication-associated risks and are techni-
cally easier to produce. However, these vaccines usually require
multiple doses and then boosters to maintain long-term protective
immunity. They usually stimulate humoral immunity and build
the foundation (prime) for subsequent immunological memory
[52]. Enhancement of immunogenicity and stimulation of cellular
immunity (T-cell-mediated) usually requires the addition of ad-
juvants [6,47]. The degree to which inactivated vaccines are
tolerated depends on the extent of puriﬁcation to remove other
proteins associated with the infectious agent. One could purify
vaccines to enrich for protective antigens and limit the presence of
other proteins that might trigger side effects such as fever or
anaphylaxis (acutely) or immune-mediated diseases generated
through similarity with and cross-reactions to normal human
tissue (molecular mimicry) [56e59]. Table 1 includes some ex-
amples of inactivated split-virion and subunit vaccines for
A(H1N1) pandemic inﬂuenza.
5. Adjuvants: their role and demonstrated safety
5.1. Long-term experience
The safety of an adjuvant is paramount before assessing the
advantages of the immune enhancement they provide. Adjuvants
with extensive safety data based on long duration of use or
increased numbers of recipients include AS04 [60] and MF59 [61].
The AS04 adjuvant (that contains monophosphoryl lipid A
absorbed on aluminum) [60] is distinct from the AS03 adjuvant
(that contains DL a-tocopherol, squalene, and polysorbate 80) [62].
A large database of safety data has been accumulated for the AS04-
adjuvanted human papillomavirus vaccine licensed by the Food
and Drug Administration (FDA) in 2005 and approved in more than
110 countries. AS04 has demonstrated clinically the beneﬁt of
increased durability of vaccine-induced immune response (persis-
tence of high antibody titers after more than seven years) when
compared to vaccines adjuvanted with aluminum salt alone [60].
Furthermore, the AS04-adjuvanted hepatitis B vaccine authorizedby EMA in 2005 for pre-hemodialysis and hemodialysis patients
[63] has demonstrated that the use of AS04 enables a reduction in
antigen dose, earlier antibody response, and longer duration of
protective antibody titers compared with vaccines adjuvanted with
aluminum salt alone [60].
The MF59 adjuvant is a squalene-based adjuvant that is
different [64] from AS03 (Table 1). The MF59-adjuvanted
inﬂuenza vaccine has demonstrated a consistently robust safety
proﬁle [61] by way of the millions of doses distributed for use in
elderly subjects vaccinated since its licensure in 1997 in Italy.
MF59 has also demonstrated clinically the beneﬁt of dose
sparing [65] (e.g., reducing the amount of antigen needed so
more doses can be made available to the population when the
antigen is limited) and some cross-clade protection [66] (e.g.,
expanding coverage to include both infectious strain of interest
and potentially other related, but distinct, disease-causing inﬂu-
enza strains).
5.2. Recent experience
The adjuvants MF59 or AS03 have also recently been used in
distinct subsets of the population and have demonstrated their
utility and safety when added to inﬂuenza vaccines. These pop-
ulations comprise those deﬁned as vulnerable because of a naïve
immune system (children), immunosenescence (the elderly), or
physiological immunosuppression (pregnant women). For naïve
children, a clinical trial published in 2011 enrolling 269
children < six years of age demonstrated an absolute vaccine efﬁ-
cacy rate against all inﬂuenza strains of 86% in subjects receiving
MF59-adjuvanted trivalent inﬂuenza vaccine compared to 43% in
subjects receiving the non-adjuvanted vaccine [67]. For subjects
with immunosenescence [68], a recently published phase 3 ran-
domized study [69] of 43,695 subjects 65 years of age compared
non-adjuvanted and AS03-adjuvanted trivalent inﬂuenza vaccines.
A signiﬁcant reduction in all cause death and pneumonia was
demonstrated in elderly subjects receiving adjuvanted vaccine
despite failing tomeet prespeciﬁed superiority criteria compared to
non-adjuvanted seasonal vaccine [70]. For pregnant subjects, the
clinical safety experience with both MF59-adjuvanted A(H1N1)
pandemic vaccine [71,72] (n ¼ 2295 and n ¼ 7293 vaccinated
pregnant women, respectively) and AS03-adjuvanted A(H1N1)
pandemic vaccine [73] (n ¼ 267 vaccinated pregnant women) has
provided reassurance for their use in this population for which
infection with inﬂuenza virus poses a signiﬁcant risk of complica-
tions both for the mother and her fetus. The A(H1N1) pandemic
also serves as a reminder of why dose-sparing and earlier induction
of seroprotection is important e with the rapid human-to-human
transmission that occurred during the pandemic, traditional non-
adjuvanted vaccines would not have been able to meet re-
quirements for an adequate vaccine supply for the global popula-
tion nor would they have been able to establish a protective
response for the population at risk within the short window
available for immunization.
6. Autoimmune diseases: the time factor and clinical
experience with adjuvanted vaccines
6.1. Time factor
The delayed onset of secondary narcolepsy after vaccination
with the European AS03-adjuvanted A(H1N1) pandemic vaccine is
compatible with an immune-mediated process that typically re-
quires time to develop (particularly when an adaptive immune
response involving antibody and/or an antigen-speciﬁc T-cell
response is involved). There are precedents such as the intranasal
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Escherichia coli heat-labile toxin that is no longer in clinical use
because of the strong association with development of facial nerve
paralysis [74] (Bell’s palsy). The two hypotheses proposed for the
cause of primary Bell’s palsy are viral reactivation or cell-mediated
autoimmunity [75]. Interestingly, both of these mechanisms
are also being considered as causes for primary narcolepsy.
The cases associated with the intranasal virosomal subunit inﬂu-
enza vaccine had a maximal occurrence between 31 and 60 days
after vaccination suggesting that an induced adaptive immune
response to the vaccine led to the palsy rather than a direct acute
effect of the adjuvant [76]. However, could an adjuvant indepen-
dently induce autoimmune disease in a genetically predisposed
subject through immune system stimulation? What is known is
that immune-mediated stimulation occurring during natural in-
fections consistently triggers disease activity in patients with pre-
existing autoimmune disease [55,59,77,78]. In contrast to these
ﬁndings with natural infection, clinical studies using either non-
adjuvanted inﬂuenza vaccines [77,79,80] or inﬂuenza vaccines
adjuvanted with MF59 or AS03 in patients with autoimmune
disease have demonstrated no triggering of autoimmune disease
activity with the addition of these adjuvants to the vaccine [81e83].
Details on experience with adjuvanted vaccines given to in-
dividuals with various underlying diseases are described in the
next section.
6.2. Clinical experience with adjuvanted vaccines
For adult patients with inﬂammatory rheumatic diseases, two
recent prospective studies with either 94 adult patients immu-
nized with MF59-adjuvanted A(H1N1) pandemic vaccine [83] or
with 173 adult patients immunized with AS03-adjuvanted
A(H1N1) pandemic vaccine [81] demonstrated that the adju-
vanted vaccines were effective and safe. Furthermore, both studies
included patients with preexisting diagnoses for which well-
established and validated scoring systems were available to
measure disease activity (rheumatoid arthritis [RA], systemic
lupus erythematosus [SLE], spondylarthritis, or antineutrophil
cytoplasmic antibody-associated vasculitis) and demonstrated no
enhancement of underlying disease activity during the subsequent
follow-up in any disease group [81,83]. Of note, in the study with
AS03-adjuvanted A(H1N1) pandemic vaccine [81], patients
received not one, but two doses of the adjuvanted vaccine spaced
three to four weeks apart with no enhancement of underlying
disease activity. Biomarkers of autoimmune disease activity
remained unchanged in SLE patients on ﬁxed maintenance ther-
apies, and, in the case of RA, disease activity remained unchanged
even in those with active disease at the time of vaccination [81].
For pediatric patients with inﬂammatory rheumatic disease, a
recent study examined prospectively the effect of an MF59-
adjuvanted seasonal inﬂuenza vaccine in 60 pediatric patients
with juvenile idiopathic arthritis [82]. In addition to no evidence
of increased disease activity at one and three month follow-up
visits after vaccination, this clinical study demonstrated robust
safety and tolerability of a single-dose of the adjuvanted vaccine
that was similar to results obtained with healthy controls and
previous studies in the general pediatric population with MF59-
adjuvanted vaccine [67,84e87]. These studies provide evidence
that adjuvanted inﬂuenza vaccines can be safely administered to
older and younger patients with various types of underlying dis-
ease, thought to have an autoimmune component, without trig-
gering increased disease activity. Furthermore, extensive follow up
of normal subjects receiving MF59-adjuvanted inﬂuenza vaccines
have demonstrated no increase in the incidence of autoimmune
disease [61].7. Four clues supporting a hypothesis on the cause of A(H1N1)
inﬂuenza vaccine-associated narcolepsy?
7.1. Link between natural infection and autoimmune diseases
As mentioned earlier, immune-mediated stimulation occurring
during natural infections can trigger autoimmune disease activity
in patients. This is related to the major differences in the quality of
immune responses to natural infection when compared to that
induced by vaccines e a perspective of which is depicted in Fig. 3.
Natural infection has an increased degree (afﬁnity, amount, and
speciﬁcity isotype of antibodies; strength of T-cell response and the
cytokines that are elicited), longer duration, and greater dispersion
of inﬂammation. In comparison, vaccines are designed to have a
shorter duration of controlled immune stimulation that generates
minimal cell damage to the cells of the recipient providing a local
stimulus for triggering an immune response. Natural infections
may also stimulate molecular mimicry. The well-known condition
of Syndenham’s chorea in rheumatic fever provides good evidence
of inﬂammation and a cross-reaction between a microbe, b-he-
molytic streptococcus, and human antigens contained in basal
ganglia structures of the brain [88,89]. Fortunately, most humans
will tolerate potential autoimmune reactions (e.g., attack of self-
tissue) triggered by infection-associated molecular mimicry at the
T- and B-cell level in order to facilitate the removal of microbes that
have entered a normal cell. However, in certain subjects with a
speciﬁc genetic phenotype, the failure of regulatory mechanisms
allows this necessary autoimmunity of short duration to transform
into an unnecessary and chronic level of self-attack characterized
by clinical autoimmune disease [44]. Table 3 illustrates the various
autoimmune diseases that are hypothesized to be associated with
infection suggesting a role for molecular mimicry by the infectious
agent [90] in autoimmune disease development. While controlled
immune stimulation by an adjuvant is a critical component for
vaccine safety, the selection of vaccine antigens that avoid inclusion
of microbial proteins that may bemolecular mimics of autoantigens
is paramount.
While a recent publication [37] provides evidence for the ﬁn-
gerprints of an immune attack against a 2009 H1N1 inﬂuenza
virus component (an epitope from viral hemagglutinin), the
mimicry suggested between this epitope and hypocretin does not
explain the particular association of narcolepsy only with the
European-AS03 adjuvanted A(H1N1) pandemic vaccine. The viral
hemagglutinin was present in other adjuvanted A(H1N1)
pandemic vaccines including the Canadian-AS03 adjuvanted
A(H1N1) pandemic vaccine and the MF59 adjuvanted A(H1N1)
pandemic vaccine, and no increased risk for narcolepsy develop-
ment was observed with these vaccines [17]. The investigators’
speculation [37] that the strong stimulation of CD4þ T-cell re-
sponses by the AS03 adjuvant may have been responsible for
narcolepsy development is difﬁcult to reconcile mechanistically
given the lack of increased risk for narcolepsy with the Canadian-
AS03 adjuvanted A(H1N1) pandemic vaccine that used the same
AS03 adjuvant [17]. More plausible would be differences in H1N1
surface protein extraction protocols among vaccines as suggested
by the authors. Other molecular mimics may be contained in other
inﬂuenza proteins that are components of the European-AS03
adjuvanted A(H1N1) pandemic vaccine. The imprint of cross-
reactive antibodies to hypothalamic structures involved in the
production of hypocretin or its receptors, as well as cross-reactive
CD8 T-cell responses to such hypothalamic structures, remains to
be investigated. At present, it remains unproven whether a cross-
reactive autoimmune response to the hypocretin containing neu-
rons in the hypothalamus was triggered by the European-AS03
adjuvanted A(H1N1) pandemic vaccine.
Table 3
A few examples of infections hypothesized to be associated with autoimmune dis-
ease in humans.
Autoimmune disease Infection
Multiple sclerosis Herpes virus type 6 [113,114]
Guillain-Barré syndrome Campylobacter jejuni [115]
Mycoplasma pneumoniae [116]
Type 1 diabetes Cytomegalovirus [117,118]
Lyme arthritis Borrelia burgdorfeii [119,120]
Chagas disease/myocarditis Trypanosoma cruzi [121,122]
Fig. 3. Differences in inﬂammation from natural infection and that from immuniza-
tion. The greater degree, duration, and dispersion of inﬂammation from natural
infection (capable of triggering autoimmune disease activity) contrasted with the
shorter duration of controlled inﬂammation from vaccination (capable of triggering an
immune response).
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In the case of the A(H1N1) inﬂuenza vaccination campaign in
2009/10, there is an observation that may provide a clue as to the
vaccine component most likely responsible for the observed asso-
ciation with narcolepsy. The report that A(H1N1) pandemic inﬂu-
enza infection (natural disease) was shown in Beijing, China to be
associated with a three to four-fold rise in narcolepsy cases in the
absence of vaccination suggests a primary role for A(H1N1) inﬂu-
enza virus antigens in disease development [32]. While studies
outside China have not reported an increase in narcolepsy cases in
unvaccinated subjects, there may be a confounding factor that may
help to explain this discrepancy. Beijing is one of the most populous
cities of the world whose high residential density makes residents
highly susceptible to inﬂuenza [91]. This close proximity for
transmission of virus and the limited uptake of vaccines (1.36
million of the 70 million population received vaccine [92] ¼ 1.94%)
may have led to an increased and accelerated exposure of narco-
lepsy susceptible subjects to circulating A(H1N1) infection in
contrast to European populations not reporting an increase in
narcolepsy cases in unvaccinated subjects. This observation
potentially diminishes the role of the vaccine adjuvant in inde-
pendently triggering narcolepsy as the wild A(H1N1) pandemic
inﬂuenza infection apparently is all that is required for narcolepsy
to develop.7.3. Puriﬁcation processes used to isolate inﬂuenza vaccine antigens
for the adjuvanted pandemic vaccines and discordant associations
with narcolepsy e a second clue?
Different processes have been used in the manufacturing of the
different inactivated inﬂuenza pandemic vaccines containing ad-
juvants. Split-virion inﬂuenza vaccines, like the AS03-adjuvanted
A(H1N1) pandemic vaccine are produced by detergent-treating
inﬂuenza virus, and the splitting process breaks the virus allow-
ing the relevant antigens to be partially puriﬁed [93]. The split-
virion antigens contained in the two AS03-adjuvanted A(H1N1)
pandemic vaccines may differ as a consequence of site-speciﬁc
splitting/puriﬁcation procedures used (Dresden-protocol for the
European made Pandemrix and Quebec-protocol for Canadian
made Arepanrix). On the web page for the European Centre for
Disease Prevention and Control [13], information provided by the
manufacturer indicates that the Quebec protocol inactivated the
inﬂuenza virus by ultraviolet irradiation followed by formaldehyde,
then puriﬁed by centrifugation, followed by disruption with
deoxycholate. In the Dresden protocol, the virus is concentrated,
puriﬁed, detergent-treated, diaﬁltrated, and then inactivated by
deoxycholate and formaldehyde.
An estimated 30.8 million doses of European AS03-adjuvanted
A(H1N1) pandemic vaccine [13] were used in more than 47 coun-
tries starting in October 2009 with high coverage in some countries
including Finland, Sweden, Norway, and Ireland [1]. The Canadian
AS03-adjuvanted A(H1N1) pandemic vaccine was used with high
coverage in Canada where an estimated 12 million doses were
administered [1]. Detailed epidemiological studies are on-going in
Canada [13] to conﬁrm the initial ﬁndings of absence of narcolepsy
increase with this vaccine. Subunit or surface antigen inﬂuenza
vaccines like the MF59-adjuvanted A(H1N1) pandemic vaccine
involve inﬂuenza virus inactivation similar to split-virion vaccines
but then puriﬁcation is rigorously carried out so that the vaccine
consists almost exclusively of highly puriﬁed viral hemagglutinin
and neuraminidase [93]. An estimated 25 million doses of MF59
A(H1N1) adjuvanted vaccine were used in Europe and Latin
America [94] with no reported association, to date, with narcolepsy.
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pandemic vaccines: the third clue?
The absence of a narcolepsy signal with any of the non-
adjuvanted A(H1N1) pandemic inﬂuenza vaccines suggests that
A(H1N1) pandemic inﬂuenza antigens might have been preferen-
tially presented to the immune system in the presence of adjuvant.
This is intriguing when combined with the observation that wild
2009 A(H1N1) pandemic inﬂuenza infection in China was associ-
ated with increased narcolepsy. Both wild A(H1N1) pandemic
inﬂuenza virus and possibly the European AS03-adjuvanted
A(H1N1) pandemic vaccine may have enhanced A(H1N1)
pandemic inﬂuenza antigen presentation(s). Adjuvants may act in
several ways including: 1) delivering antigens to the immune sys-
tem, 2) enhancing the uptake of the antigen by antigen-presenting
cells (APCs), 3) allowing for progressive release, delayed clearance,
and better exposure to the immune system, or 4) inﬂuencing the
production of various cytokines produced in an immune response
[95e97]. All of which are desirable and expected effects with ad-
juvants. However, the nature of the stimulatory output generated
by the adjuvant depends on the antigen input. This antigen input
may differ based on how the vaccine was prepared as noted above
and may potentially explain why narcolepsy was not associated
with the MF59-adjuvanted A(H1N1) pandemic vaccine nor with
the AS03-adjuvanted A(H1N1) pandemic vaccine prepared in
Canada using the Quebec protocol. While one could also hypothe-
size that the differences in association with narcolepsy between
MF59 and AS03 might be due to their differing sites of action and
immune stimulatory effects as shown in mice [98,99], this would
not explainwhy two preparations of the AS03-adjuvanted A(H1N1)
pandemic vaccine differed in their associationwith narcolepsy (e.g.,
European versus Canadian inactivation/puriﬁcation protocol).
7.5. 1918 inﬂuenza pandemic and von Economo’s encephalitis
lethargica e the fourth clue?
The seasonal association of the 2009 A(H1N1) pandemic infec-
tion with subsequent narcolepsy in China may remind some of the
1918 inﬂuenza pandemic that was followed by a seasonal “sleepy
sickness” [100] that appeared to be a variant of a neurological
syndrome termed “von Economo’s encephalitis lethargica”. The
original syndrome involved drowsiness and cranial/peripheral
nerve involvement (eye abnormalities and facial paralysis) [101]
that was observed by von Economo during the Vienna winters of
1916e1917 and subsequently reported in 1918 [102]. The variants of
encephalitis lethargica occurring in association with the 1918
inﬂuenza epidemic included one with abrupt high fever, headache,
neck stiffness, lethargy, and fatality [103] or a more gradual one
resembling the original encephalitis lethargica syndrome but
demonstrating complete recovery in some cases [101] or with
development of a chronicmovement disorder in others [104]. What
is important to note are the following: 1) the causality of inﬂuenza
infection in triggering either the primary syndrome or its variants
has neither been proven nor disproven [103,105e107]; 2) some sort
of infection has been speculated to be associated with the variants
of encephalitis lethargica [103,108] that occurred during the
inﬂuenza pandemic of 1918e1921; and 3) both the inﬂuenza
pandemic and the neurological syndrome simultaneously subsided
in the following years from 1922 to 1925 [106].
8. Conclusions
Associations are the starting point for the generation of hy-
potheses that ultimately need validation with scientiﬁc, clinical,
and laboratory evidence. Careful, thoughtful assessment and moreresearch are needed to explain the observed increase in narcolepsy
with 2009 A(H1N1) pandemic inﬂuenza infection and with Euro-
pean AS03-adjuvanted A(H1N1) pandemic vaccine but not with the
MF59-adjuvanted A(H1N1) pandemic vaccine nor with the Ca-
nadian AS03-adjuvanted A(H1N1) pandemic vaccine. Examples of
some intriguing questions that remain unanswered for the time
being are 1) what would explain the differences in the suscepti-
bility to narcolepsy between children and adults and 2) why did not
all children with HLA DQB1*0602 develop narcolepsy after vacci-
nation? Possible answers for the ﬁrst question which are purely
speculative include the following: 1) naïve immune systems in
infants may peak in functional potency in children/adolescents and
plateau in adulthood heading toward immunosenescence in the
elderly. While a potent immune response would afford children/
adolescents protection against infections, it could also paradoxi-
cally allow for an easier unmasking of autoimmune disease in the
genetically predisposed subject or 2) the role of “germ theory” and
repetitive infections in adults that reﬁnes the immune response
into one that is precisely regulated and speciﬁc compared to the
more potent and primal immune response from children that
provokes autoimmunity when normal tissue is caught in the
“cross-ﬁre”. A speculative answer for the second question could be
that there is a still-undetermined environmental factor that, along
with the HLA susceptibility, triggers narcolepsy.
The authors would like to conclude this review by summarizing
the key points regarding what is known and has yet to be discov-
ered related to narcolepsy occurring in the setting of the A(H1N1)
pandemic:
1) The vaccine safety surveillance system effectively detected a
very rare adverse event (narcolepsy occurred in less than one
out of 10,000 vaccine recipients) in subjects receiving AS03
adjuvanted A(H1N1) pandemic vaccine made using the Euro-
pean inactivation/puriﬁcation protocol; but the trigger for this
very rare adverse event is not yet clear.
2) The association of wild A(H1N1) pandemic inﬂuenza infection
with narcolepsy suggests a role for the viral antigen(s) in disease
development.
3) While a recent investigation demonstrated a role for T-cell
cross-reactivity between an inﬂuenza hemagglutin epitope and
hypocretin, there is no evidence, to date, that vaccine-associated
narcolepsy is an autoimmune phenomenon mediated by auto-
antibodies to hypocretin.
4) While studies on antibodies to hypocretin and T-cell subsets
have been conducted in primary narcolepsy, more conclusive
work is needed to better understand the pathophysiology
including investigations into T-cell responses and identiﬁcation
of what factor(s) in wild A(H1N1) pandemic inﬂuenza infection
trigger(s) primary narcolepsy in susceptible hosts.
5) As no similar association has been reported to date with the
AS03-adjuvanted A(H1N1) pandemic vaccine made using the
Canadian inactivation/puriﬁcation protocol, this suggests that
the AS03 adjuvant alone may not be responsible for the narco-
lepsy association. No similar association has been reported to
date with an MF59-adjuvanted A(H1N1) pandemic vaccine.
6) Careful and long-term epidemiological studies including follow-
up of children and adults who developed narcolepsy in associa-
tionwith AS03-adjuvanted A(H1N1) pandemic vaccine prepared
with the European inactivation/puriﬁcation protocol are needed.
7) Further studies are needed to determine if the ebbs and ﬂows in
narcolepsy incidence observed with wild A(H1N1) pandemic
inﬂuenza infection in China are demonstrated elsewhere and if
decreasing the risk of inﬂuenza infection with vaccination in
those at highest risk helps to decrease the incidence of
narcolepsy.
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